Human coronavirus NL63 (HCoV-NL63), a common human respiratory pathogen, is associated with both upper and lower respiratory tract disease in children and adults. Currently, no antiviral drugs are available to treat CoV infections; thus, potential drug targets need to be identified and characterized. Here, we identify HCoV-NL63 replicase gene products and characterize two viral papain-like proteases (PLPs), PLP1 and PLP2, which process the viral replicase polyprotein. We generated polyclonal antisera directed against two of the predicted replicase nonstructural proteins (nsp3 and nsp4) and detected replicase proteins from HCoV-NL63-infected LLC-MK2 cells by immunofluorescence, immunoprecipitation, and Western blot assays. We found that HCoV-NL63 replicase products can be detected at 24 h postinfection and that these proteins accumulate in perinuclear sites, consistent with membrane-associated replication complexes. To determine which viral proteases are responsible for processing these products, we generated constructs representing the amino-terminal end of the HCoV-NL63 replicase gene and established protease cis-cleavage assays. We found that PLP1 processes cleavage site 1 to release nsp1, whereas PLP2 is responsible for processing both cleavage sites 2 and 3 to release nsp2 and nsp3. We expressed and purified PLP2 and used a peptide-based assay to identify the cleavage sites recognized by this enzyme. Furthermore, by using K48-linked hexa-ubiquitin substrate and ubiquitin-vinylsulfone inhibitor specific for deubiquitinating enzymes (DUBs), we confirmed that, like severe acute respiratory syndrome (SARS) CoV PLpro, HCoV-NL63 PLP2 has DUB activity. The identification of the replicase products and characterization of HCoV-NL63 PLP DUB activity will facilitate comparative studies of CoV proteases and aid in the development of novel antiviral reagents directed against human pathogens such as HCoV-NL63 and SARS-CoV.
To date, five human coronaviruses (HCoV) have been identified as human pathogens. HCoV-229E and HCoV-OC43 were identified in the mid-1960s (1, 39) and were shown to account for 5 to 30% of common-cold-like respiratory diseases (26) . The CoV that caused the epidemic of severe acute respiratory syndrome (SARS) in 2002 and 2003 was initially identified by the characteristic "crown-like" projections on the virus particles visualized by electron microscopy (15, 32, 41) . Recent studies have shown that a virus similar to SARS-CoV, termed bat-SARS-CoV, is endemic in bats in southern China (33, 34) . Sequence analysis indicates that bat-SARS-CoV was likely the source of the epidemic and that the virus evolved, likely during passage through animal intermediates, such as the civet cat, to allow for efficient human-to-human transmission (35, 55) . Thus, the potential exists for reemergence of this virus from the animal reservoir. Post-SARS, researchers identified two additional HCoV, HCoV-NL63 (17, 62) and CoV-HKU1 (66) , from patients suffering from respiratory infections and pneumonia.
HCoV-NL63 was first isolated from the respiratory tract of a 7-month-old child suffering from bronchiolitis and conjunc-tivitis in The Netherlands (62) and was later found to be associated with croup in young children (63) . Epidemiological studies from several countries revealed that HCoV-NL63 is detected in 0.3 to 10% of clinical specimens from both infants and adults suffering from respiratory tract illnesses (2, 5, 6, 11, 12, 16, 27, 58, 61) . Thus, HCoV-NL63 is a common human respiratory pathogen with worldwide distribution that is associated with a substantial proportion of both upper and lower respiratory tract disease. Experimental treatments, such as the use of small interfering RNAs and fusion blockers, have been shown to inhibit replication of HCoV-NL63 in tissue culture cells (44) . However, to date there are no approved antiviral reagents for the treatment of any HCoV infection, including HCoV-NL63 and the more severe pathogen SARS-CoV. Therefore, identification of potential targets for the development of anti-CoV drugs is a high priority.
The RNA genome of HCoV-NL63 is 27,553 nucleotides in length. The 5Ј two-thirds of the genomic RNA contains two open reading frames (ORF1a and ORF1b) that are joined by a ribosomal frameshift sequence and encode the replicase polyproteins. Four viral structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N), and one accessory ORF protein, termed ORF3, are encoded downstream of the replicase (45, 62) . Analysis of susceptibility to infection showed that HCoV-NL63 uses angiotensin-converting enzyme 2 (ACE2), the SARS-CoV receptor, as the cellular receptor to infect host cells (24, 25) . Once a CoV enters the cell, the genomic RNA is released into the cytoplasm and translated to generate two polyproteins, pp1a and pp1ab (70) . In most CoV, pp1a contains three viral proteases: two papain-like proteases (PLP1 and PLP2) and a picornavirus 3C-like protease (3CLpro). SARS-CoV, infectious bronchitis virus of chickens, and some bat CoV are distinct in that they have only one PLP, PLpro (33, 34, 38, 60) . Analysis of proteolytic processing of several CoV has revealed that the replicase polyproteins pp1a and pp1ab are processed cotranslationally and posttranslationally by the viral proteases to generate as many as 16 nonstructural proteins (nsp's), which subsequently assemble with the endoplasmic reticulum membranes to form the replicase complex, which participates in subgenomic RNA synthesis (19, 20, 42, 54) . Proteolytic processing of the CoV polyprotein by proteases is essential for correct localization and function of the replicase proteins and ongoing viral RNA synthesis and virus replication (31) . Thus, CoV proteases are attractive targets for the development of antiviral drugs for reduction of viral replication and pathogenicity.
Here, we identify processed products nsp3 and nsp4 of the HCoV-NL63 replicase polyprotein and describe cis-cleavage assays that characterize the protease activity required to generate these products. The replicase products can be detected at 24 h postinfection (hpi) and accumulate in perinuclear sites in infected cells. We found that PLP1 processes cleavage site 1 to release nsp1, whereas PLP2 is responsible for processing cleavage sites 2 and 3 to release nsp2 and nsp3. The catalytic residues in PLP1 and PLP2 and the putative cleavage sites between replicase products were also characterized by site-directed mutagenesis of predicted critical residues. Furthermore, we confirmed that, like SARS-CoV PLpro (46) , HCoV-NL63 PLP2 has deubiquitinating enzyme (DUB) activity. We found that purified PLP2 hydrolyzed K48-linked hexa-ubiquitin (K48-Ub 6 ) to produce monoubiquitin, and PLP2-Ub adducts were detected using the Ub-vinylsulfone (Ub-VS) inhibitor, which is specific for DUBs. This identification of replicase products and characterization of HCoV-NL63 PLP and DUB activity will facilitate comparative studies of CoV protease activity and aid in the development of novel antiviral reagents directed against HCoV, such as HCoV-NL63 and SARS-CoV.
MATERIALS AND METHODS

Virus and cells.
The HCoV-NL63 (P8) and LLC-MK2 cells were kindly provided by Lia van der Hoek (University of Amsterdam, The Netherlands). LLC-MK2 cells were cultured in a mixture of Hanks minimal essential medium (MEM) and Earle's MEM (two parts Hanks MEM [Invitrogen] and one part Earle's MEM [Invitrogen]), supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml) (Invitrogen, Grand Island, NY). The LLC-MK2 cells were cultured in a 37°C incubator with 5.0% CO 2 . After addition of HCoV-NL63, the LLC-MK2 cells were transferred to a 33°C incubator with 5.0% CO 2 , as previously described (62) . The cells were incubated for 5 to 6 days, after which supernatant containing infectious virus particles was harvested. The initial P8 stock was passaged four times to generate the P12 stock used in these studies.
The 50% tissue culture infectious doses (TCID 50 s) of the P12 HCoV-NL63 stock were determined by monitoring for cytopathic effects of serial dilutions of the virus applied to LLC-MK2 cells. Six days postinfection, the supernatant was removed, and the cells were washed two times with phosphate-buffered saline (PBS) and stained with 2 ml of crystal violet working solution for 1 h. The crystal violet working solution was made from a stock solution (10% formaldehyde, 1.3 g crystal violet dissolved in 50 ml methanol, in a final volume of 1 liter with distilled water) diluted 1:1 in PBS. After the staining, the cells were washed twice with PBS and allowed to air dry. The wells were inspected for virus-induced cytopathic effects, and the TCID 50 for the P12 stock was calculated to be 0.2/ml (47) .
Generation of HCoV-NL63 antireplicase sera. Two regions (R3, amino acids [aa] 899 to 998, and R4, aa 2830 to 2939) were selected and were used successfully for the development of antireplicase antisera (see Fig. 1 ). The HCoV-NL63 RNA was extracted from virus-infected LLC-MK2 cells at 96 hpi using RNeasy mini kits (QIAGEN) according to the manufacturer's instructions. The designated regions were generated by reverse transcription-PCR (RT-PCR) with an Advantage cDNA PCR kit (Clontech Laboratories, Inc.) from HCoV-NL63 RNA by using primers listed in Table 1 , according to the manufacturer's instructions. The PCR products were digested with the appropriate restriction enzymes, ligated in frame with glutathione sulfur transferase (GST) in the pGEX-5x-1 vector (Amersham Pharmacia Biotech), and transformed into Escherichia coli. The GST-R3 and GST-R4 fusion proteins were induced, purified, and injected into rabbits for the generation of polyclonal antibodies as previously described (22, 28) .
Radioimmunoprecipitation and Western blot assays. LLC-MK2 cells (ϳ5 ϫ 10 6 cells per 60-mm 2 dish) were infected with 2 ml of HCoV-NL63 P12 virus (ϳ0.2 TCID 50 /ml) and incubated at 33°C. The medium was removed at 72 hpi, the cells were washed once with PBS, and methionine-free Dulbecco's modified Eagle's medium (Invitrogen) with actinomycin (5 g/ml) was added to the cells for 1 h. Then, 100 Ci of 35 S-labeled methionine (MP Biomedicines, Inc.) was added to each dish and incubated at 33°C for 24 h. At 96 hpi, the radiolabel was removed, and the cells were washed three times with PBS. Whole-cell lysates were prepared by the addition of 250 l of lysis buffer A (4% sodium dodecyl sulfate [SDS], 3% dithiothreitol [DTT], 40% glycerol, 0.065 M Tris-HCl [pH 6.8]). The cells were then scraped together with a rubber policeman, and the lysate was passed through a 25-gauge needle to shear the cellular DNA. The lysates were either used directly for immunoprecipitation or stored at Ϫ80°C for further experiments.
To immunoprecipitate radiolabeled protein, 100 l of the cell lysate (with equal cell equivalents) was diluted in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (0.5% Triton X-100, 0.1% SDS, 300 mM NaCl, 4 mM EDTA, and 50 mM Tris-HCl, pH 7.4). Five microliters of the preimmune rabbit serum or the designated antiserum and 40 l of protein A-Sepharose beads (Amersham Pharmacia Biotech AB, Uppsala, Sweden) were added to the above-described sample mixture and then rocked overnight at 4°C. The beads were pelleted for 1 min at 12,000 rpm in a bench-top microcentrifuge, the supernatant was removed, and the beads were washed three times with 1 ml of RIPA buffer. The beads were again pelleted, and 50 l of 2ϫ sample buffer was added to each sample and incubated for 30 min at 37°C. The immunoprecipitated protein was analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The gels were then fixed for 30 min in 25% methanol-10% acetic acid in water, treated with Amplify (Amersham Biosciences) for 30 min, dried, and exposed to X-ray film for 1 to 5 days.
For the Western blot assay, HCoV-NL63-infected LLC-MK2 cells were harvested by adding 250 l of lysis buffer A at 96 hpi. The cell lysate was mixed 1:1 with 2ϫ sample buffer and incubated for 30 min at 37°C. The cell lysate was separated on an SDS-PAGE gel, followed by a transfer to a polyvinylidene fluoride membrane in transfer buffer (3 liters containing 9.09 g Tris base, 43.28 g glycine, and 600 ml methanol) for 2 h at 4°C. The membrane was blocked using 5% dried skim milk in Tris-buffered saline (TBS) (0.9% NaCl, 10 mM Tris-HCl [pH 7.5]) plus 0.1% Tween 20 (TBST) for 2 h at room temperature. The blot was probed with the designated antibody by incubation overnight at 4°C. The membrane was washed in TBST three times for 20 min each. Following the washes, the membrane was incubated with peroxidase-conjugated secondary antibody (Amersham) at a dilution of 1:10,000 for 2 h at room temperature. The membrane was then washed three times with TBST, and bound antibody was detected with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer LAS Inc.).
Immunofluorescence staining. LLC-MK2 cells (ϳ4 ϫ 10 4 cells per chamber) were plated onto an eight-chamber culture slide (Nalge Nunc International, Rochester, NY). When the cells were approximately 80 to 90% confluent, they were infected with 200 l HCoV-NL63 P12 virus stock. At 24 hpi, the cells were fixed, permeabilized, and stained with the indicated antibody. For fixation and permeabilization of the cells, the medium was removed, and the slides were washed twice with PBS, fixed for 30 min with 3.7% paraformaldehyde, washed three times with PBS containing 10 mM glycine, and permeabilized for 10 min in PBS containing 0.1% Triton X-100. To block nonspecific binding, the fixed cells were treated with blocking solution (5% fetal bovine serum in PBS) for 30 min at room temperature. After removal of the blocking solution, 100 l of anti-R3 or anti-R4 serum (1:2,000 dilution in blocking solution) was added to each well Site-directed mutagenesis  PLP1 C1062A  ZC19  5Ј ATA ATG CTT GGA TTA GTA CCA CAC TTG TAC AGT TG 3Ј  3465-3499  C1062A  ZC20  5Ј TCC AAG CAT TAT TAT CAG ATT GAT CTA AAA CAC G 3Ј  3443-3476   PLP2 C1678A  ZC21  5Ј CCA CCG ACA ATA ATG CTT GGG TTA ATG CAA C 3Ј  5304-5334  C1678A  ZC22  5Ј GTT GCA TTA ACC CAA GCA TTA TTG TCG GTG G 3Ј  5304-5334   PLP2 C1684A  ZC23  5Ј GTT GGG TTA ATG CAA CTG CTA TAA TTT TAC AGT ATC 3Ј  5319-5354  C1684A  ZC24  5Ј GAT ACT GTA AAA TTA TAG CAG TTG CAT TAA CCC AAC 3Ј  5319-5354   PLP2 H1836A  ZC25  5Ј GGT TCT TTT GAT AAC GGT GCC TAT GTA GTT TAT GAT GC 3Ј  5774-5811  H1836A  ZC26  5Ј GCA TCA TAA ACT ACA TAG GCA CCG TTA TCA AAA GAA CC 3Ј  5774-5811   CS3 G2461A  ZC27  5Ј GTA TAG TTG CAA AAC AGG CTG CTG GTT TTA AAC GTA C 3Ј  7650-7686  G2461A  ZC28  5Ј GTA CGT TTA AAA CCA GCA GCC TGT TTT GCA ACT ATA C 3Ј  7650-7686   CS3 A2462N  ZC29  5Ј GTT GCA AAA CAG GGT AAC GGT TTT AAA CGT ACT 3Ј  7655-7687  A2462N  ZC30  5Ј AGT ACG TTT AAA ACC GTT ACC CTG TTT TGC AAC 3Ј  7655-7687   CS3 LXGG  ZC31  5Ј TT GCA CTA CAG GGT GGT GGT TTT AAA CGT ACT TAT AA 3Ј  7656-7692  LXGG  ZC32  5Ј A ACC ACC ACC CTG TAG TGC AAC TAT ACT AGT AG 3Ј  7644-7676   CS2 L896A  ZC33  5Ј ACA AAA GCA GCT GGT GGT AAA ATA TCT TTT TCT GAT G 3Ј  2966-3002  L896A  ZC34  5Ј ACC AGC TGC TTT TGT AAA AGC AAC AGG CAA TAC ACC 3Ј  2945-2980   CS2 A897N  ZC35  5Ј AAA TTA AAT GGT GGT AAA ATA TCT TTT TCT GAT GAT G 3Ј  2969-3005  A897N  ZC36  5Ј ACC ACC ATT TAA TTT TGT AAA AGC AAC AGG CAA TAC 3Ј  2948-2983   CS2 G898A  ZC37  5Ј TTA GCT GCT GGT AAA ATA TCT TTT TCT GAT GAT GTT 3Ј  2972-3007  G898A  ZC38  5Ј TTT ACC AGC AGC TAA TTT TGT AAA AGC AAC AGG CAA 3Ј  2951-2986   CS2 G899A  ZC39  5Ј GCT GGT GCT AAA ATA TCT TTT TCT GAT GAT GTT ATA G 3Ј  2975-3011  G899A  ZC40  5Ј TAT TTT AGC ACC AGC TAA TTT TGT AAA AGC AAC AGG 3Ј  2954-2989   CS1 A109N  ZC41  5Ј CAT GGT AAC GGA AGT GTG GTT TTT GTG GAT AAG TAC 3Ј  605-640  A109N  ZC42  5Ј ACT TCC GTT ACC ATG GCC AAA AAC AAC ATC AAA GTC 3Ј  584-619   CS1 G110A  ZC43  5Ј GGT GCA GCA AGT GTG GTT TTT GTG GAT AAG TAC ATG 3Ј  608-643  G110A  ZC44 5Ј CAC ACT TGC TGC ACC ATG GCC AAA AAC AAC ATC AAA G 3Ј 586-622 a Underlined nucleotides were added for cloning purposes or mutated sequences. Restriction enzymes are indicated in parentheses. b All nucleotide numbers are based on the NL63 genome sequence (GenBank accession no. NC_005831).
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HCoV-NL63 PLP AND DUB ACTIVITY 6009 and incubated for 2 h at room temperature in a humidified chamber. The cells were then washed three times for 1 min with blocking solution. Anti-rabbit immunoglobulin (Ig; heavy and light chain) Alexa Fluor-488 secondary antibody (Molecular Probes) was diluted 1:1,000 in blocking solution, and 100 l was added per well and incubated in the dark for 1 h at room temperature in a humidified chamber. To detect nuclear DNA, cells were stained with Sytox orange (Molecular Probes) at a 1:80,000 dilution for 10 min at room temperature. The slides were washed four times with PBS and mounted with DAKO fluorescent mounting medium (DAKO Corporation, Carpinteria, CA). Immunofluorescence staining was visualized using a Zeiss LSM-510 confocal microscope at the Loyola University Medical Center Core Imaging Facility. Generating HCoV-NL63 PLP constructs and site-directed mutants. Constructs expressing the HCoV-NL63 replicase-coding regions were generated using specific primers (Table 1) to RT-PCR amplify the designated regions from RNA isolated from HCoV-NL63-infected cells. RT-PCRs were performed using an Advantage cDNA PCR kit (Clontech Laboratories, Inc.) according to the manufacturer's protocol. The amplified products were then digested with the appropriate restriction enzymes and ligated into the corresponding sites in the pcDNA3.1/V5-HisB expression vector (Stratagene, La Jolla, CA). For some constructs, a 5Ј Flag tag sequence was generated by PCR and cloned into pcDNA3.1/V5-HisB, and the replicase-coding regions were then cloned into the vector downstream of 5Ј Flag to obtain the amino-terminal Flag-tagged construct. The ligated DNA was transformed into XL1-Blue competent cells (Stratagene) according to the manufacturer's instructions, with the exception that bacteria were grown at 25°C. To generate specific mutations in the catalytic domain or substrate cleavage sites, mutagenic primers (Table 1) were incorporated into newly synthesized DNA by using the QuikChange site-directed mutagenesis protocol (Stratagene, La Jolla, CA) as previously described (4, 22) . A number of the mutagenic primers were designed according to modified methods (69) . All introduced mutations were confirmed by DNA sequencing.
For purposes of overexpressing and purifying protein, the DNA region encoding the core domain of HCoV-NL63 PLP2, polyprotein residues 1565 to 1894, was PCR amplified using primers listed in Table 1 and cloned into pET15b (Novagen) between the BamHI and Bpu1102I sites. Site-directed mutagenesis was used to generate a PLP2-C1678A catalytic site mutant using primers listed in Table 1 . The final clones were verified by DNA sequencing and designated pET-NL63-PLP2(aa 1565 to 1894) and pET-NL63-PLP2-C1678A.
HCoV-NL63 PLP cis-cleavage assays. HCoV-NL63 replicase-coding regions cloned into pcDNA3.1/V5-HisB (Invitrogen) under T7 promoter control were transfected into HeLa-mouse hepatitis virus receptor (MHVR) cells infected with recombinant vaccinia virus expressing bacteriophage T7 polymerase, as previously described (4, 22, 28) . Briefly, newly synthesized proteins were metabolically labeled with 50 Ci/ml Tran 35 S label (MP Biomedicines, Inc.) from 4.5 to 9.5 hpi. Cells were washed three times in PBS, and cell lysates were prepared by scraping the cells in 250 l lysis buffer A. The cell lysate (50 to 100 l) was diluted in 1.0 ml RIPA buffer and subjected to immunoprecipitation with anti-V5 antibody (Invitrogen, Carlsbad, CA) or anti-Flag M2 antibody (Sigma) and protein-A Sepharose beads (Amersham Biosciences, Piscataway, NJ). The immunoprecipitated products were separated by electrophoresis on a 7.5 to 10% polyacrylamide gel containing 0.1% SDS. Eight to 16% Criterion gels (Bio-Rad) were used for analysis of anti-Flag M2 immunoprecipitated products. Following electrophoresis, the gels were fixed for 30 min in 25% methanol-10% acetic acid, enhanced for 30 min with Amplify (Amersham Biosciences), dried, and then exposed to Kodak X-ray film.
Purification of HCoV-NL63 PLP2. One liter of E. coli BL21(DE3) cells containing wild-type pET15b-NL63-PLP2(1565-1894) or the PLP2-C1678A mutant was grown for 24 h at 25°C. Cells were pelleted by centrifugation and resuspended in 30 ml of buffer A (20 mM Tris [pH 7.5], 500 mM NaCl, 10 mM imidazole) containing lysozyme (0.5 mg/ml). The cells were incubated on ice for 10 min and then lysed via sonication using a 600-watt Model VCX ultrasonicator. The cell debris was pelleted by centrifugation (40,900 ϫ g for 30 min), and the clarified cell lysate was loaded onto a 5-ml Co 2ϩ -charged HiTrap column (GE Healthcare) equilibrated with buffer A. Protein was eluted with a 20ϫ column volume gradient from 100% buffer A to 100% buffer B (20 mM Tris [pH 7.5], 500 mM NaCl, 200 mM imidazole). Fractions containing PLP2 were pooled, concentrated, and exchanged into buffer C (20 mM Tris [pH 7.5], 10 mM DTT) and loaded onto a Mono Q 10/10 column (GE Healthcare) equilibrated in buffer C. A 10ϫ column volume gradient from 100% buffer C to 100% buffer D (20 mM Tris [pH 7.5], 250 mM NaCl, 10 mM DTT) was used to elute purified PLP2, which was then exchanged into buffer C containing 20% glycerol, concentrated to approximately 8 mg/ml, flash frozen in dry-ice ethanol, and stored at Ϫ80°C.
Reverse-phase HPLC and MALDI-TOF MS. Twelve-mer peptides representing cleavage site 1 (CS1; FGHGAGSVVFVD), cleavage site 2 (CS2; FTKLAG GKISFS), and cleavage site 3 (CS3; VAKQGAGFKRTY) were synthesized by Sigma Genosys (The Woodlands, TX). To test PLP2 cleavage of the peptides, 2 to 15 M of purified PLP2 was incubated with 0.2 to 1 mM peptide in 20 mM Tris, pH 7.5, at room temperature for 16 to 48 h. Following the incubation and prior to high-performance liquid chromatography (HPLC) analysis, PLP2 was removed from the reaction using Microcon YM-10 centrifugal filter devices (Millipore). The reaction products were then diluted with an equal volume of 0.1% trifluoroacetic acid and analyzed on an Agilent Technologies 1200 HPLC system with a Zorbax Eclipse XDB-C18 column (4.6 by 150 mm) using a 1 to 40% linear gradient of acetonitrile containing 0.085% trifluoroacetic acid. Eluted peaks, monitored at 215 nm, were collected and analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) using an Applied Biosystems Voyager DE-PRO MALDI-TOF MS, with ␣-cyano-hydroxycinnamic acid as the matrix component, to determine the masses of the cleaved fragments and hence identify the precise cleavage sites.
DUB activity assays. Proteolytic cleavage of homogeneous K48-Ub 6 (Boston Biochem, Cambridge, MA) was carried out under the following conditions. Purified HCoV-NL63 PLP2 (0.01 g) was incubated with 2.5 g of K48-Ub 6 at 25°C in a 20-l volume containing 50 mM HEPES (pH 7.5), 0.1 mg/ml bovine serum albumin, 100 mM NaCl, and 2 mM DTT. A control reaction mixture was incubated under identical conditions with the exclusion of PLP2. At the 5-and 60-min time points, the reactions were stopped with the addition of SDS-PAGE sample loading dye to a 1ϫ concentration (25 mM Tris [pH 6.8], 280 mM ␤-mercaptoethanol, 4% glycerol, 0.8% SDS, 0.02% bromophenol blue) and heat treated at 95°C for 5 min. The samples were analyzed by electrophoresis on a 15% SDS-PAGE gel and stained with Coomassie blue dye.
DUB activity assays were also performed by the suicide substrate probe specific for DUBs as described previously (30) . Briefly, 32.5 ng of purified wild-type PLP2 or mutant PLP2-C1678A protein was incubated with 1 l (0.01 to 0.02 mg/ml) of DUB probe (hemagglutinin [HA]-tagged Ub-VS [HA-Ub-VS]) in a total volume of 20 l of homogenization buffer (50 mM Tris [pH 7.5], 5 mM MgCl 2 , 0.5 mM EDTA, 2 mM DTT, 2 mM ATP, and 250 mM sucrose). Reaction mixtures were incubated at 37°C for 10 min and then diluted with an equal volume of 2ϫ sample buffer and further incubated at 37°C for 30 min. The samples were separated by SDS-PAGE and then transferred to a polyvinylidene fluoride membrane. The membrane was immunoblotted with the mouse monoclonal anti-HA antibody HA probe (F-7) (SC-7392; Santa Cruz Biotechnology Inc.) at a 1:250 dilution, followed by goat anti-mouse IgG-horseradish peroxidase at a 1:10,000 dilution. Blots were developed using Western Lightning Chemiluminescence Reagent Plus as recommended by the manufacturer (PerkinElmer LAS Inc.).
RESULTS
Identification of HCoV-NL63 replicase products.
HCoV-NL63, a member of the group I CoV with sequence homology to HCoV-229E, is predicted to encode replicase polyproteins that are processed to produce 16 nsp's by three distinct proteases, PLP1, PLP2, and 3CLpro. For a first step toward characterizing these proteases, we focused on the identification of the amino-terminal products and characterization of the activity of the PLP domains.
To identify replicase products processed by PLPs of HCoV-NL63, we generated rabbit polyclonal anti-R3 and anti-R4 antibodies to predicted amino-terminal cleavage products nsp3 and nsp4 ( Fig. 1A and Table 1 ) as described in Materials and Methods and used the antibodies in immunofluorescence, immunoprecipitation, and Western blot assays. HCoV-NL63 replicase products were detected at 24 hpi ( Fig. 1B) with both anti-nsp3 and anti-nsp4 sera and localized exclusively in the cytoplasm of infected cells in a perinuclear pattern. These results are consistent with previous studies that show that the amino-terminal replicase products of MHV and SARS-CoV assemble as part of the membrane-associated viral replication complex (10, 20, 22, 43, 53, 54) . Future studies will employ these antibodies to further investigate the subcellular localiza- LLC-MK2 cells were infected with HCoV-NL63, fixed, permeabilized at 24 hpi, and stained with anti-R3 or anti-R4 sera, anti-rabbit Ig Alexa-Fluor-488 secondary antibody, and Sytox orange to stain nuclei as described in Materials and Methods. (C) Detection of nsp3 by immunoprecipitation. HCoV-NL63 (NL)-or mock (M)-infected cells were radiolabeled with [ 35 S]methionine for 24 h from 72 to 96 hpi. Cells were harvested, and the cell lysates were subjected to immunoprecipitation with anti-R3 sera or preimmune sera. Products were analyzed by 10% SDS-PAGE and subjected to autoradiography. (D) Detection of nsp3 and nsp4 by a Western blot assay with anti-R3 and anti-R4 antibodies. LLC-MK2 cells infected with HCoV-NL63 were lysed at 96 hpi, and whole-cell lysates were separated by SDS-PAGE. Immunoblotting was performed using anti-R3 and anti-R4 antibodies. Molecular mass markers (in kDa) are shown on the left of each gel.
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HCoV-NL63 PLP AND DUB ACTIVITY 6011 on February 4, 2015 by NYU MEDICAL CENTER LIBRARY http://jvi.asm.org/ tion and assembly of the replicase complex by using colocalization with cellular markers and immunoelectron microscopy. We also used the anti-R3 and anti-R4 antisera to detect HCoV-NL63 replicase products by immunoprecipitation and Western blot analysis (Fig. 1C and D) . We identified nsp3 as an ϳ172-kDa protein by immunoprecipitation of radiolabeled, infected cell lysates (Fig. 1C, lane 3) . No specific products were immunoprecipitated from mock-infected cells with anti-R3 serum (Fig. 1C, lane 1) or from HCoV-NL63-infected cells with preimmune serum (Fig. 1C, lane 2) . Replicase products nsp3 and nsp4 were also detected using Western blotting of HCoV-NL63-infected cell lysates prepared at 96 hpi (Fig. 1D ). We noted that nsp4 migrates faster than expected (ϳ45 kDa) for a predicted mass of 53 kDa. However, the nsp4 protein from MHV-infected cells is predicted to have a molecular mass of 56.5 kDa, including four putative membrane-spanning domains, but it migrates as a 44-kDa protein in SDS-PAGE (29) . Overall, we show that the anti-R3 and anti-R4 antibodies recognize specific replicase products generated in HCoV-NL63infected cells.
HCoV-NL63 PLP1 processes CS1, and PLP2 processes CS2. The majority of CoV, including MHV and HCoV-229E, contain two PLPs (termed either PLP1 and PLP2 or PL1pro and PL2pro). Previous studies showed that MHV PLP1 is required for processing CS1 and CS2, whereas PLP2 is responsible for processing CS3 (7, 8, 14, 28, 59) . In HCoV-229E, PLP1 is responsible for processing CS1, and both PLP1 and PLP2 are required for efficient processing of CS2 (71) . To determine which HCoV-NL63 PLP is responsible for processing CS1 and CS2, three DNA constructs, pNL-1, pNL-2, and pNL-3, were generated as described in Materials and Methods and are diagramed in Fig. 2A . cis-Cleavage assays were performed by transfection of DNA constructs into HeLa cells infected with vaccinia virus expressing T7 polymerase. Newly synthesized proteins radiolabeled with [ 35 S]methionine were subjected to immunoprecipitation with anti-Flag M2 antibody or anti-V5 antibody (Fig. 2B) . The results show that when the wild-type PLP1 domain is present, the 15-kDa Flag-tagged nsp1 protein is generated (Fig. 2B, lanes 1, 3, and 5) . In contrast, when catalytic cysteine 1062 of PLP1 is changed to alanine or if the PLP1 domain is deleted, no nsp1 is produced (Fig. 2B, lanes 2,  4, 6, and 7) . These results show that PLP1 is responsible for processing CS1 to release nsp1. Next, we asked which protease domain is responsible for processing CS2. Cells were transfected with either wild-type construct 2 (pNL-2) or construct 2 encoding a cysteine-to-alanine change at the catalytic site of PLP1 (C1062A) or PLP2 (C1678A). We found that only constructs with wild-type PLP2 were capable of efficiently process- ing CS2 to generate V5-tagged cleavage products (Fig. 2B,  lanes 3, 4, and 6 ). We also wanted to determine if PLP1 played any assisting role in processing CS2, as has been proposed for PLP2 of HCoV-229E (71) . Therefore, we generated pNL-3 with a deletion of the PLP1 domain and found that this construct was sufficient for processing CS2 (Fig. 2B, lane 6) , whereas a construct with a mutation in the catalytic cysteine residue of PLP2 was unable to process the polyprotein at CS2 (Fig. 2B, lane 7) . Overall, these data show that HCoV-NL63 PLP1 processes CS1 and that PLP2 processes CS2 without assistance from the PLP1 domain.
HCoV-NL63 PLP2 is required for processing CS3. To determine if HCoV-NL63 PLP2 is required for processing CS3, we cloned and expressed constructs pNL-4, pNL-5, and pNL-6 expressing the PLP2-nsp4 region (Fig. 3A) . The plasmid DNAs were transfected into HeLa cells and analyzed for proteolytic processing activity as described above. We found that wild-type HCoV-NL63 PLP2 is able to process CS3 (Fig. 3B, lane 1) and release nsp4. We note that nsp4 is sometimes detected as two closely migrating bands, perhaps due to glycosylation of this putative transmembrane protein. To identify the catalytic residues required for PLP2 processing activity, predicted catalytic residues cysteine 1678 and histidine 1836, which were proposed based on sequence alignment analysis of HCoV-NL63 PLP2 with other CoV PLP domains (4), were changed to alanine and tested for activity ( Fig. 3B ). As expected, introduction of mutations C1678A and H1836A completely abolished PLP2 activity (Fig. 3B, lanes 2 and 4) , compared with processing detected with the noncatalytic C1684A mutant. Thus, cysteine 1678 and histidine 1836 are likely two of the three members of the catalytic triad for this PLP. Structural studies will be needed to identify all amino acids involved in the PLP2 catalytic site, particularly the third residue in the catalytic triad of the active site.
To determine if a HCoV-NL63 PLP2 core domain is sufficient for processing CS3, we compared the processing activities of three forms of PLP2 (Fig. 3C) . We found that a deletion of the transmembrane domain greatly reduced processing activity (Fig. 3C, lane 2) and that removing the Y domain resulted in an increase in PLP2 processing (Fig. 3C, lane 3) , indicating that the core form of PLP2 (the PLP2 core domain, aa 1565 to 1900) is sufficient for processing CS3. Overall, these results indicated that PLP2 mediates processing at CS3 and that C1678 and H1836 are the likely catalytic residues required for PLP2 processing activity.
Identification of CS2 and CS3 cleavage sites processed by NL63 PLP2. To identify the precise cleavage sites that are processed by HCoV-NL63 PLP2, we overexpressed and puri- fied six-His-tagged PLP2 and analyzed the proteolytic activity of the purified enzyme with synthetic peptides representing the CS2 and CS3 sites. The catalytic core domain of PLP2 (polyprotein residues 1565 to 1894) was expressed in E. coli and purified to homogeneity (Fig. 4A ) using a combination of affinity and ion-exchange chromatographic separations. Enzymatic cleavage of two synthetic 12-mer peptides, FTKLAGG KISFS (CS2) and VAKQGAGFKRTY (CS3), was monitored using HPLC separation of the generated peptide fragments ( Fig. 4B and C) . Under identical assay conditions, cleavage of CS2 was much more efficient than cleavage of CS3, with little or no CS3 product detected in the time required for complete cleavage of CS2. However, increasing the peptide and enzyme concentrations and extending the incubation time afforded de-tectable products from PLP2 cleavage of CS3. The composition of the cleaved products and the identification of the cleavage sites for both the CS2 and CS3 substrates were determined through MALDI-TOF mass spectral analysis. The cleavage sites were accurately identified as FTKLAG 2 GKISFS for CS2 and VAKQGA 2 GFKRTY for CS3. These results confirm prior bioinformatics predictions for these cleavage sites (56) .
Cleavage of the CS1 substrate by PLP2 was not detected under any reaction conditions attempted (data not shown).
Previous studies have shown that the P2 and P1 residues are highly conserved in the cleavage sites recognized by CoV PLPs (28) and that specific residues at the P1 and P2 positions were generally required for CoV PLP-mediated processing (4, 29, 36) . To identify the critical determinants required for HCoV-NL63 PLP2 recognition and processing of CS2 and CS3, we generated mutants with substitutions of predicted cleavage site residues by site-directed mutagenesis and used a cis-cleavage assay to monitor the effect of each substitution on PLP2 processing. The products of each cis-cleavage assay were immunoprecipitated and resolved by SDS-PAGE as shown in Fig.  5B . For each assay, the presence of the cleavage product indicates that amino acid substitution in the cleavage site had little or no effect on processing, whereas the absence of the cleavage product indicates that amino acid substitution in the cleavage site resulted in a reduction in PLP2 recognition and processing. We found that introduction of mutations L896A (P3) and G899A (P1Ј) in CS2 had no effect on PLP2 recognition and processing (Fig. 5B , lane 2 and lane 5). However, substitution of alanine for glycine at P1 and substitution of asparagine for alanine at P2 completely abolished PLP2 recognition and processing (Fig. 5B, lane 3 and lane 4) . To determine the role of the P1 and P2 residues in recognition and processing at CS3, we performed site-directed mutagenesis to change G2461 to A and A2462 to N and monitored processing activity. We found that the G2461A and A2462N mutants were not processed by PLP2 (Fig. 5C, lane 3 and lane 4) , compared to the wild-type control (Fig. 5C, lane 1) . These data indicate that the P1 and P2 sites are the critical determinants for recognition and processing by PLP2 at both CS2 and CS3. Further analysis of critical determinants recognized in the context of virus infection will be important to confirm and extend these in vitro studies.
Previous studies by our group with SARS-CoV PLP indicated that SARS-CoV PLpro recognizes and processes the consensus sequence LXGG at three cleavage sites in the replicase polyprotein to release processed products (22) . To determine if HCoV-NL63 PLP2 is also capable of recognizing the LXGG sequence, we introduced LQGG into the CS3 site as VALQGGGF. We found that LQGG at CS3 was processed in the cis-cleavage assay (Fig. 5C, lane 6) to a level similar to that detected in the wild-type control (Fig. 5C, lane 5) . This result suggests that besides the protease activity for proteolytic processing of replicase, it is possible that HCoV-NL63 PLP2 is also a viral DUB that can process at conserved LXGG recognition sites (see below).
HCoV-NL63 PLP2 has DUB activity. To determine if HCoV-NL63 PLP2 has DUB activity, purified wild-type HCoV-NL63 PLP2 and mutant PLP2-C1678A were tested for DUB activity. First, we tested the ability of PLP2 to disassemble a Ub 6 chain. HCoV-NL63 PLP2 was incubated with K48linked Ub 6 for 5, 30, or 60 min, and the products of the reaction were separated by SDS-PAGE and visualized by Coomassie blue staining. We observed visible cleavage of the Ub 6 substrate by HCoV-NL63 PLP2 after just 5 min of incubation (Fig. 6A, lane 3) , demonstrating that PLP2 has DUB activity. To further confirm that HCoV-NL63 PLP2 recognizes Ub molecules, we used HA-Ub-VS (9) to probe the ability of Ub-VS to covalently modify HCoV-NL63 PLP2. The probe consists of an epitope-tagged, electrophilic Ub-VS derivative that allows covalent adduct formation with DUBs (Fig. 6B ). The C-terminal electrophile specifically targets the active-site cysteine residues of DUBs, resulting in a covalent thioether linkage to the protease active site. An N-terminal HA epitope tag facilitates detection of any protease modified in this way. Purified PLP2 was incubated with HA-Ub-VS at 37°C for 10 min, and immunoblot analysis with anti-HA antibody was performed to detect any adduct formation between HA-Ub-VS and PLP2. We found that a prominent protein of approximately 48 kDa was detected using the anti-HA antibody (Fig.  6C, lane 4) . These results indicated that HCoV-NL63 PLP2 recognizes Ub-VS and can be covalently modified. The exact function of Ub recognition and associated DUB activity of HCoV-NL63 PLP2 in virus replication and modulation of host cell biological events is currently unknown. 
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HCoV-NL63 PLP AND DUB ACTIVITY 6015 bronchitis virus, encode one PLP domain, termed PLpro, which is responsible for processing cleavage sites upstream and downstream of the protease domain. Other CoV, such as MHV and HCoV-229E, encode two PLP domains, with PLP1 processing CS1, PLP2 processing CS3, and either PLP1 (for MHV) or PLP2 (for HCoV-229E) processing CS2. Here, we provide experimental evidence to show that HCoV-NL63 PLP1 processes CS1 and PLP2 processes CS2 and CS3, summarized in the model presented in Fig. 7 . These results are consistent with other studies demonstrating that the P2 and P1 residues are critical determinants for PLP recognition and processing (4, 29, 36) and provide the basis for comparison of PLP activities for other CoV. Proteolytic processing of the replicase polyprotein is proposed to be essential for the proper assembly of the replication complex (20, 31) . Furthermore, the kinetics of processing may be important since intermediates, such as nsp2-nsp3 and nsp4-nsp11, have been identified in CoV-infected cells (22, 28) and since the intermediates have been proposed to have an essential role in mediating RNA synthesis (28, 50) . Indeed, protease inhibitors have been shown to block replication of CoV (18, 31, 67, 68) , and therefore, proteases are attractive targets for development of antiviral drugs. Interestingly, Denison and colleagues, using CoV reverse genetics techniques, found that PLP1-mediated processing at MHV CS1 and CS2 is important for efficient viral replication (13, 21) . Future studies will be aimed at determining if PLP2 activity and/or processing at CS3 is essential for CoV replication.
Perhaps the most intriguing result from this study is the demonstration of HCoV-NL63 PLP2 DUB activity. This is the second example of a CoV PLP domain with DUB activity. Initially, a bioinformatics study suggested that the SARS-CoV PLpro domain may mimic the folding of cellular DUBs and therefore mediate DUB activity (57) . Experiments from two independent laboratories using purified SARS-CoV PLpro showed that PLpro recognized and processed K-48-linked polyubiquitin chains (4) and Ub-like moieties such as ISG15 (37) . Furthermore, X-ray crystallographic studies revealed that SARS-CoV PLpro indeed conforms to the structure of known cellular DUBs such as USP14 and HAUSP (46) . However, the role of this viral DUB activity during viral replication is not yet clear. The most obvious possibility is that viral DUB activity may target the Ub-proteasome pathway to facilitate virus replication and thwart host defense mechanisms, including innate immunity (52) . Another possibility is that DUB activity may modulate posttranslational modification of proteins modified by Ub-like (Ubl) modifiers, such as SUMO, ISG15, or Nedd8.
These modifiers have been identified as key players in directing subcellular localization, protein stability, and transcriptional activation (reviewed in references 23 and 65). The modification of proteins with Ub or Ub-like moieties is reversed by DUBs, and the human genome is predicted to encode almost 100 DUBs (40) . Thus, the addition or removal of Ub and Ubl for specific proteins is important in many host cell pathways. Interestingly, several virus-encoded DUBs from a variety of virus families have been described recently. These DUBs include UL36 of herpesviruses such as heroes simplex virus type 1, Epstein-Barr virus, and mouse and human cytomegalovirus (30, 51, 64) ; the adenain protease of adenovirus (3); and now PLP domains from CoV (4, 37) (this report). Currently, the roles of these viral DUBs in viral replication and modification of host innate immunity are not clear. Bioinformatic studies predict that all known CoV will have at least one PLP domain with DUB activity (4, 56, 57) . It is possible that CoV DUB activity may target several pathways in host cells. CoV DUBs may deconjugate K-48-linked polyubiquitin chains attached to viral replicase products or structural proteins to protect them from proteasome-mediated degradation. Alternatively, CoV DUBs may deconjugate ISG15 modifications from host proteins, thereby modulating host innate immunity and interferon-mediated antiviral responses (48) . While the proteolytic processing activity of HCoV-NL63 PLPs is well established in this study, future work will be focused on determining the functions of DUB activity in CoV replication and pathogenesis.
In summary, we have (i) identified HCoV-NL63 replicase products nsp3 and nsp4 from virus-infected cells, (ii) showed that PLP1 processes the viral replicase polyprotein at CS1 and that PLP2 processes it at CS2 and CS3, (iii) identified peptide cleavage sites recognized by PLP2 and confirmed that the P2 and P1 sites are critical determinants for PLP2 processing, and (iv) showed that purified PLP2 has DUB activity. This characterization of HCoV-NL63 PLP activity will facilitate comparative studies of CoV protease activity and the development of antivirals targeting CoV PLPs.
